Background: Evidence supports two methods for preventing dental caries lesions in children: pit and fissure sealants (PFS) and fluoride varnishes (FV). The aim of this study was to compare the cost-effectiveness of these two strategies in preventing dental caries lesions on the occlusal surface of the first permanent molar in children. Methods: A Markov model was used to simulate the progression of dental caries on the occlusal surface of the first permanent molar in a hypothetical cohort of children over a 9-year period. Transition probabilities were extracted from the published literature and costs were calculated from a payer's perspective. Two scenarios were evaluated based on the probability of replacing a failed PFS. Sensitivity analysis was performed to test the robustness of the model. Results: Over the 9-year study period PFS were less expensive and more effective than FV in preventing occlusal dental caries lesions. For the base case scenario the probability of replacing a failed PFS was 100 percent and the Incremental CostEffectiveness Ratio (ICER) for PFS was $156.87 per first episode of caries lesion averted. For the second scenario, the probability of replacing a failed PFS was lowered to 50 percent. Here, the ICER dropped to $113.00 per first episode of caries lesion averted and remained the dominant strategy. Conclusion: PFS should be the preferred method for the prevention of dental caries lesion on the occlusal surface of the first permanent molar, especially in children who are at high risk and have barriers of access to dental care.
Background
Dental caries is the most common and preventable chronic disease of childhood. The prevalence of Early Childhood Caries (ECC) has been increasing in the United States (1) . Past and present caries experience is the strongest predictor for future caries development (2) . Treating dental caries lesion is both time and resource intensive and does not prevent the future development of disease (3) . The burden of dental caries is not equally distributed in the population and tends to affect those with lower SES, which might be associated with dietary habits and access to dental care (1, 4) . One of the oral health objectives of Healthy People 2020 (OH-8) is to increase the proportion of low-income children who had received any preventive services in the past year (5) . In a time of scarce resources, it is important to focus income on strategies that are child-centered, prevention-oriented, and cost-effective (6) .
Fluoride varnish (FV) and pit and fissure sealants (PFS) are two interventions that prevent caries lesion development. Evidence supports the efficacy of these two methods, and both are recommended for children and adolescents (7) . Although both modalities are widely used, there is debate on which of these methods (FV or PFS) is superior to the other in the prevention of occlusal dental caries lesions (8) .
FV has been shown to have a substantial caries lesion inhibiting effect in both primary and permanent teeth (9) . The United States Preventive Services Task Force (USPSTF) recommends that primary care clinicians apply FV to the primary teeth of all infants and children starting at the age of primary tooth eruption (10) . FV has the advantage of covering all tooth surfaces and all teeth. Moreover, it is easy to apply and can be applied at any age. FV anticaries effect is through enhancing remineralization of early caries lesion and by reducing enamel solubility. However, the material used in FV is not a physical barrier to dental caries forming bacteria. Additionally, to maintain the caries inhibiting effect, FV needs to be reapplied every 3-6 months (11) .
As opposed to FV, the application of PFS is technique sensitive and is applied by a dental professional. PFS provides physical obstruction to pits and fissures and prevents the growth of bacteria that lead to dental decay (12) . PFS can be placed on the occlusal fissures and buccal and lingual pits of molars and premolars. PFS have been widely used to prevent caries lesion development on the occlusal surface of the first permanent molar, which erupts around the age of six. A Cochrane systematic review in 2013 concluded that sealing the occlusal surfaces of permanent molars in children and adolescents reduces caries lesions up to 48 months when compared to no sealant (12) . In addition, PFS that are retained are 100 percent effective (13) .
Several studies have evaluated the cost-effectiveness of PFS compared to no intervention. Quinonez et al., developed a Markov model to compare the cost-effectiveness of always sealing, risk-based sealing, and sealing none on the first permanent molar. Their findings confirmed that risk-based sealing was the most effective and cheapest method (14) . Other studies also recommend sealing the permanent molars but conclude that it is more economical to target those at high risk of developing caries lesions (15) (16) (17) . A 2016 updated Cochrane systematic review, evaluated studies that have compared PFS to FV in preventing caries lesions in children and showed that data is still too limited to recommend one method over the other in preventing occlusal caries in children and adolescents, although there seems to be evidence of superiority of PFS (8) .
The aim of this study was to compare the cost-effectiveness of PFS (resin-based) and FV (5%NaF) in preventing the development of caries lesions on the occlusal surface of the first permanent molar in children. A no-intervention strategy was used as a reference group.
Methods
A decision tree was developed to compare the costeffectiveness of FV, PFS, and no intervention. A Markov model was used to simulate the progression of dental caries lesion on the occlusal surface of the first permanent molar in a hypothetical cohort of children. A Markov model is a decision-analytical model that characterizes the prognosis of a cohort of patients by assigning them to a fixed number of mutually exclusive health states and modeling transitions among those states using transition probabilities (18, 19) . These probabilities are derived from published studies.
Results from meta-analysis, if available, are preferred as they average results from several studies and account for factors such as study size and quality (20) . Markov models are concerned with transitions during short periods or cycles. The duration of the cycle is arbitrary and depends on the nature of the clinical problem being modeled (19) .
In this study, all teeth entered the model in a sound state. The sound state is a recurrent state, which means the tooth may remain in the state or leave the state; there is a non-zero probability of being in the state in a future time period. Once they enter the model, they either have an intervention applied (FV, PFS) or no intervention. The sound tooth can stay sound or transition to a carious state, which is the absorbing state ( Figure 1 ). In the absorbing state, the probability of leaving the state in the next time cycle is zero.
A search of the published literature was conducted for studies that compared PFS to FV using a control group to obtain transitional probabilities. As there is no meta-analysis comparing PFS to FV (8, 21) , probability estimates were used from a randomized controlled trial by Bravo et al., where they compared PFS with FV in preventing occlusal caries lesions in first permanent molars of children at 2, 4, and 9 years postintervention (22) . The study was conducted in a nonfluoridated city in Spain, which can be considered as a moderate to high-risk community. Participants were public school children at the age range of 6-8 years old. The 9-year probabilities were converted into yearly probabilities for our baseline values with estimated ranges as 1/2 two standard deviations. Costs were calculated from a payer's perspective, using charges from the American Dental Association (ADA) Survey of Dental Fees and Claims Data for general dentists 2011 (23) . Table 1 lists the probabilities, costs, and their ranges. The baseline values were used for the baseline analysis and the ranges were included in the sensitivity analysis.
Measured costs were the initial costs of each strategy and the incremental cost of applying FV biannually as compared to the cost of no intervention. The outcome measured was the first episode of caries lesion averted. Discounting was not performed since the outcome is a clinical measure (i.e., first episode of caries lesion averted).
The time frame (horizon) for this simulation was 9 years as there is limited evidence on the effectiveness of PFS beyond 9 years (12) and the Markov cycle length was 1 year. One year is an appropriate length for conditions with low frequencies (19) such as dental caries. Figure 2 displays the main decision tree for the three strategies, the Markov subtree and the associated transitional probabilities and costs.
The following assumptions were made:
• All the teeth enter the model in the sound state.
• FV is applied biannually.
• Sealants are 100 percent effective in preventing caries when they are retained (13) .
• The risk of caries for the first permanent molar in a child is constant over the study period.
• Rate of sealant loss changes after the first year of placement. The monthly risk of losing a sealant is modeled by the formula R 5 0.01* e , where R is the monthly probability of losing a sealant and M is the number of months since placement. The Markov cycle rather than the age of the sealant will determine the sealant loss rate (14, 24) .
• A tooth that has received an intervention and is noncarious, is a sound tooth.
• All lost sealants will be replaced.
The incremental cost-effectiveness ratio (ICER) was calculated to compare the three strategies in terms of cost per first episode of caries lesion averted on the occlusal surface of the first permanent molar of children.
The analysis was run for two scenarios. In the base case scenario, it was assumed that all lost PFS were replaced. In the second scenario, it was assumed that only 50 percent of lost PFS were replaced, and that the probability of a tooth with a lost PFS becoming carious is similar to a tooth that received no intervention. Furthermore, the transitional cost of replacing a failed PFS was added, which is assumed to be similar to the cost of a new PFS.
Sensitivity analyses were conducted to test the robustness of the model and to identify areas of uncertainty around the models' parameters. Specifically, in one-way sensitivity analysis, the effect of varying each parameter included in the model over the range of values was tested while holding the other parameters constant, and the findings of the one-way sensitivity analysis were summarized in a tornado diagram. For multi-way sensitivity analysis, Monte Carlo probabilistic sensitivity analysis was performed. Monte Carlo sensitivity analysis replaces the exact value of an estimate with a pull Figure 2 Main decision tree associated with Markov subtree. The main tree indicates the three strategies: no intervention, FV or PFS. The subsequent tree represents the Markov process. P-caries 1 , probability of caries with no intervention; P-caries 2 , probability of caries with FV; P-caries 3 , probability of caries with PFS; P-failure, probability of a failed PFS; P-fix, probability of replacing a failed PFS. [Color figure can be viewed at wileyonlinelibrary.com] *Nine-year probabilities (22) .
CEA of pit and fissure sealants T. Khouja and K. J. Smith from a distribution for that variable and calculates the ICER thousands of times, each time with a value from each distribution. Based on the output from Monte Carlo sensitivity analysis we constructed cost-effectiveness acceptability curves. Acceptability curves indicate the cost-effectiveness of strategies at different willingness to pay thresholds, i.e., the maximum monetary value that a decision maker is willing to pay for a particular unit change in the outcome (25) . TreeAge Pro decision -analysis software (TreeAge Software, Williamstown, MA, USA) was used to develop the decision model. As this analysis uses publicly available secondary data, obtaining an IRB approval was not indicated. Tables 2 and 3 show costs and outcomes for the three strategies evaluated for the base case scenario and the second scenario respectively. The strategies are arranged in the order of least costly to most costly over the period of the study. The incremental cost is the difference between the cost of the strategy and the next most expensive strategy. The effectiveness is measured as the percentage of the cohort that developed a first episode of caries lesion. For example, in both scenarios 80 percent of children developed a first episode of caries lesion when they did not receive an intervention. The incremental effectiveness is the difference between the effect of the strategy and the strategy above it. The ICER is the additional cost for every unit increase in effectiveness that can be gained by moving from the less expensive to the more expensive strategy. The ICER for each strategy is calculated by dividing the incremental cost of the strategy over the incremental effectiveness of that strategy.
Results
For our base case scenario, the PFS strategy costs $80.17 more than no intervention and prevents 51 percent of first episodes of caries compared to no intervention. The ICER for PFS was $156.87per first episode of caries lesion averted over a 9-year period ( Table 2) . FV was considered a dominated strategy, as it was more expensive and 31 percent less effective than PFS. One-way sensitivity analysis for the base case scenario demonstrated that the results were sensitive to four parameters; the cost of PFS, probability of caries with no intervention, probability of caries with PFS and the cost of replacing a failed PFS.
The cost of PFS had the highest impact on the ICER. When the cost of PFS was set at the lowest end of the range ($34.01 or a 27.13 percent reduction from the baseline cost), the ICER decreased to less than $120 per first episode of caries lesion averted. However, at the highest range of the PFS cost ($59.36 or a 27.19 percent increase from the baseline cost) the ICER increased to almost $200 per first episode of caries lesion averted. The variation of the other parameters changed the ICER by 10 percent or more (Figure 3 ). For example, the probability of caries with no intervention pushed the ICER between $130 at the lowest end of the range (0.639) to $205 per first episode of caries lesion averted at the highest end of the range (0.895). Figure 4 shows acceptability curves for the base case scenario. FV was unfavorable at all the ranges of willingness to pay. When the willingness to pay threshold was between $0 and $60 per first episode of caries lesion averted the nointervention strategy was favorable 100 percent of the time. The point where the two curves cross is the break-even point where the two strategies, no intervention and PFS strategy are equally favorable. However, for willingness to pay thresholds above $300, PFS was a favored strategy 100 percent of the time.
When we assumed that the probability of replacing a failed PFS was 50 percent (second scenario), the incremental cost of the PFS strategy dropped from $80.17 to $61.25 (a $18.92 decrease) and the incremental effectiveness increased from 51 percent to 54 percent. As a result, the ICER changed to $113.00 per first episode of caries lesion averted over the 9- year period. The FV strategy remained dominated by the PFS strategy (Table 3 ).
In the second scenario, the new probability (the probability of replacing a failed PFS) was added and varied across the range 0-1 for the one-way sensitivity analysis. The model was sensitive to five parameters, including the probability of replacing a failed PFS, the cost of the PFS, the probability of caries with no intervention, the probability of caries with PFS and the cost of replacing a failed PFS.
The parameter that had the largest impact on the ICER was the probability of replacing a failed PFS. When the probability of replacing a failed PFS was zero (none of the failed CEA of pit and fissure sealants T. Khouja and K. J. Smith PFS were replaced) the ICER decreased to $80 per first episode of caries lesion averted. Conversely, when the probability was 100 percent (all failed PFS were replaced), the ICER went up to $155 per first episode of caries lesion averted, which was similar to our base case scenario. The other parameters altered the ICER between 7 and 30 percent ( Figure 5 ). The results of the Monte Carlo probabilistic sensitivity analysis demonstrated that at the $250 willingness to pay threshold, PFS became a preferred strategy 100 percent of the time, which is a lower threshold than the base case scenario ( Figure 6 ). This means that if a payer is willing to pay $250 per first episode of caries lesion averted, PFS is the preferred strategy 100 percent of the time.
Discussion
The purpose of this study was to examine the costeffectiveness of PFS compared to FV in preventing occlusal caries lesions in the first permanent molar in children. The findings demonstrate that over the simulated 9-year study period PFS are more cost-effective than FV. This is consistent with the results from Bravo et al. where PFS treated teeth had reduced incidences of caries compared with FV treated teeth (22, 26, 27) . However, a longitudinal clinical trial that used a split mouth technique found no difference in effectiveness between FV and PFS. This might be because the study used glass-ionomer fissure sealants, which are less retentive and have a higher failure rate than resin-based sealants (28) . The cost of preventing the first episode of an occlusal dental caries lesion is almost $157. This estimate is similar to Tagliaferro et al., who estimated a cost-effectiveness ratio of $119.80 per saved occlusal surface and an ICER of $108.36 per additional saved occlusal surface when sealing the first permanent molar of high-risk school children (29) . This is a reasonable cost compared to the average cost of one surface amalgam restoration of $117.65. The cost of a restoration from a societal perspective, which also accounts for nonmedical or indirect cost of care, might be even higher. In the analysis stage, the outcome was not discounted and therefore nor was the cost. Discounting costs alone without discounting outcomes might make it more favorable to delay preventive services as they become less costly in the future. However, in this study, discounting future costs at 3 percent per year decreases the ICER for PFS by approximately $9 when discounting factors are added to the model, thus making PFS more favorable compared to no intervention. Overall, discounting did not change the decision in the analysis of this study; in fact, it made the PFS decision more favorable. Moreover, whether discounting is necessary in such cases is controversial.
The modest price that is paid for preventing dental caries is reasonable even if the price was as high as $300. The ADA average fees for dental services (23) , shows that the average reimbursement rate for sealants is $46.67 ($34.01-$59.36). Medicaid reimbursement rates differ across states ranging from $10.00 to $49.68 per permanent first molar sealed (30) . However, the average rate is $25.31 per permanent first molar sealed, which is $21.36 less than the average reimbursement rate in private insurance. Policies regarding sealant placement also vary across states. In most states, the unit of reimbursement is one application per indicated permanent molar or premolar in a child's lifetime (30) , which means there is no monetary incentive to replace a failed PFS. A large number of US children are enrolled in Medicaid. In 2013, more than one in three children in the United States had received services through Medicaid and CHIP (31) . Medicaid-enrolled children are of low SES, who generally are at higher risk of developing caries. Evidence shows that higher Medicaid payment levels are associated with higher levels of receiving dental services (32) . Our findings suggest that applying PFS and reapplying them when they fail is more cost-effective in the long run than applying FV biannually. Medicaid should consider revisiting the reimbursement scheme for caries preventive procedures as an incentive for dental professionals to apply the more cost-effective PFS.
Our findings support the argument that PFS should be administered to high-risk children to prevent caries development on the occlusal surface while FV can be used to prevent caries on the remaining tooth surfaces (14, 16, 33) . Children at high risk of developing caries are usually from low SES backgrounds that typically have barriers to accessing dental care. For this reason, it is especially relevant that these children have PFS applied to the permanent molars that meet the criteria for PFS placement whenever they present in a clinic (16) .
There are a number of limitations to this study. First, the analysis was performed on a hypothetical cohort using published probabilities. In addition, one tooth was used as the unit of analysis so as to make the model easily tractable and to limit the effects of correlation. This can bias the analysis since the cost of sealing one tooth is not similar to sealing multiple teeth. It was also assumed that all failed sealants would be replaced, which might not reflect real life practices. However, this model was modified to test this assumption and the results generated did not vary much. Therefore, even if PFS are not always replaced when they fail, they are still effective in preventing the first episode of caries lesion compared to FV. Finally, only a single perspective (i.e., payer's perspective) was used to determine the costs. The cost from a societal perspective might be different if the costs related to travel are added in, in addition to the costs associated with loss of productivity due to parents accompanying children, and children missing school for dental visits.
Conclusion
Over the study period of 9 years, PFS were more effective in preventing the first episode of caries lesion and less expensive than applying FV biannually. Therefore, PFS should be a favored strategy when treating children at high risk of developing caries and who are low utilizers of dental services. These findings should be taken into consideration when planning caries preventive programs and when developing recommendations for clinical practice.
